The p53 tumor suppressor promotes apoptosis in response to DNA damage. Here we describe the Caenorhabditis elegans gene ced-13, which encodes a conserved BH3-only protein.
Introduction
A major pathway leading to cell death following DNA damage involves activation of the p53 tumor suppressor protein. [1] [2] [3] [4] [5] The ability of p53 to act as a transcriptional activator is thought to be important for the induction of apoptosis, since mutant p53 proteins that are defective in transcriptional activation fail to promote apoptosis of cells experiencing DNA damage. 6, 7 Numerous transcriptional targets of p53 have been described. Among these are several cell death genes including Bax, Apaf-1, Pidd, and two BH3 (Bcl-2 homology region 3)-only genes, PUMA and Noxa. [8] [9] [10] [11] [12] [13] [14] [15] The BH3 domain is a weakly conserved motif found in a variety of proteins that regulate apoptosis. 16 Structural studies suggest that this domain adopts an amphipathic alpha-helical conformation. [17] [18] [19] Proteins containing a BH3 domain as their only recognizable motif (BH3-only proteins) promote apoptosis in a number of settings. For example, in mammals, stimulation of the Fas receptor by ligand can trigger cell death by a number of mechanisms. For example, Fas can activate caspase-8, which in turn can directly activate caspase-3 and promote cell death. Caspase-8 can also cleave Bid, a BH3-only protein. Cleaved Bid associates with mitochondria and can promote cell death. 20, 21 Bim, another BH3-only protein, is required for cytokine deprivation-induced apoptosis and seems to be involved in some aspect of negative selection in the immune system. 22, 23 Mice lacking a functional PUMA gene are severely impaired in apoptosis of hematopoietic cells, fibroblasts, and neurons, following exposure to ionizing radiation (IR), suggesting that PUMA is an important cell death target of p53. 24, 25 Mice harboring a deletion of Noxa may also be deficient in IRinduced apoptosis, but to a much lesser degree than PUMA mutants. 25, 26 Thus, in mammals, two BH3-only genes, PUMA and Noxa, are transcriptionally induced by p53 to promote cell death in response to DNA damage.
Apoptosis in Caenorhabditis elegans normally occurs during the development of somatic tissues and the maturation of female germ cells, as well as in the female germ line in response to DNA damage. [27] [28] [29] The C. elegans BH3-only protein EGL-1 is required for many, if not all, somatic programmed cell deaths and for DNA-damage-induced germ-cell death. 28, 30 The egl-1 gene acts upstream of the genes ced-9, ced-4, and ced-3, which encode a Bcl-2-like cell death inhibitor, an Apaf-1-like adaptor protein, and a caspase, respectively. Furthermore, EGL-1 protein physically interacts with the antiapoptotic CED-9 protein. These observations suggest that EGL-1 inhibits CED-9 activity, allowing CED-4 to activate the CED-3 caspase, thus promoting apoptosis. CED-13. ced-13 mRNA accumulates following IR exposure in a cep-1/p53-dependent manner. We show that CED-13 can interact with CED-9 and promote apoptosis. These results are consistent with a conserved pathway in which p53 activates the transcription of two apoptosis-promoting BH3-only proteins in response to DNA damage.
Results

ced-13 encodes a conserved BH3-only protein
To identify regulators of programmed cell death in C. elegans, we searched available translated genomic sequences using the BLAST program 32 for peptides with similarities to BH3 domains. We identified three such peptides: one corresponded to the EGL-1 protein, a second corresponded to the C. elegans Bnip3 protein, 33 and a third was encoded by a genomic fragment of cosmid R09F10 not previously annotated as an open reading frame (ORF) (Figure 1a ). To determine whether the region of R09F10 identified was part of a protein-coding gene, we inspected the genomic sequence manually and assembled a putative gene structure. Using the polymerase chain reaction (PCR) and primers corresponding to the predicted gene, we were able to amplify a cDNA from a mixed-stage cDNA library we constructed 34 (S Shaham, unpublished data). The existence of a cDNA suggested that the region of R09F10 we identified indeed contained a transcribed gene, designated R09F10.9. Northern blots of purified mixed-stage C. elegans mRNA probed with the 32 Plabelled cDNA failed to detect any mRNA, suggesting that R09F10.9 was expressed at low levels (data not shown). We deduced the structure of R09F10.9 by comparing the sequences of the cDNA and cosmid R09F10. Three features of the assembled structure suggested that R09F10.9 might play a role in apoptosis. First, the structure of the gene revealed a single intron in a 5 0 noncoding region and a single intron within the protein-coding region (Figure 1b) . This structure as well as the overall size of R09F10.9 resembled that of the egl-1 gene, suggesting that these genes may be related. Second, alignment of the amino-acid sequences of the EGL-1 protein and the predicted R09F10.9 protein (Figure 1c ) revealed a distinct stretch of similarity (13/21 identical amino acids) surrounding the putative BH3 domain. Significantly, all residues contributing to the putative hydrophobic face of the BH3 helix were conserved. Third, the syntenic genomic region of the related nematode Caenorhabditis briggsae contains sequences that are most similar to R09F10.9 in the region surrounding the BH3 domain, and similar sequences exist in the Caenorhabditis remanei genome (Figure 1d ), suggesting functional importance. We thus named R09F10.9 ced-13 (ced, cell death abnormal; see below).
Overexpression of ced-13 promotes apoptosis
To test whether ced-13 indeed has a role in apoptosis, we examined three independent C. elegans lines harboring stably integrated transgenes consisting of the ced-13 cDNA fused to a heat-shock-inducible promoter (P HS ). 35 Embryos examined 2 h after heat shock contained many more dying cells, as An alignment of the putative BH3 domains of EGL-1 and CED-13 proteins from C. elegans, C. briggsae, and C. remanei. For C. briggsae, we could assign egl-1 and ced-13 coding regions by synteny with the C. elegans genes. For C. remanei, the genome has not yet been assembled, so the two proteins are designated A and B. Asterisks indicate hydrophobic residues that are predicted to lie on one face of the BH3 domain helix ced-13 promotes apoptosis in C. elegans B Schumacher et al viewed using differential interference contrast microscopy (DIC), than embryos that were not exposed to a heat shock (Table 1) . Heat-shocked transgenic embryos uniformly succumbed and did not hatch. These results suggest that CED-13 can promote apoptosis in C. elegans. To determine the mechanism by which CED-13 causes cell death, we examined the ability of the P HS ced-13 transgenes to cause ectopic cell death in animals containing mutations in components of the core apoptotic machinery. Loss-of-function mutations in egl-1, ced-4, and ced-3, and a gain-offunction mutation in ced-9, block most, if not all, apoptotic cell deaths that occur in somatic tissues during C. elegans development. 27 As shown in Table 1 , transgenic embryos harboring loss-of-function mutations in the ced-3 or ced-4 genes, or a gain-of-function mutation in the ced-9 gene, did not contain dying cells after a heat shock. Furthermore, all such embryos hatched and developed into fertile adults. These results suggest that ced-13-induced cell death required ced-3 and ced-4 function, and could be blocked by ced-9. Transgenic embryos containing a loss-of-function mutation in egl-1, however, consistently had slightly more dying cells after a heat shock when compared to wild-type animals. These results suggest that egl-1 function was not required for cell death induction by ced-13. Thus, ced-13 can act upstream of ced-3, ced-4, and ced-9 and in parallel to egl-1 to induce apoptosis.
CED-13 binds to CED-9
The observation that ced-9 function could block ced-13-induced cell death suggested that the CED-13 and CED-9 proteins may interact directly. To determine whether CED-13 could bind CED-9, we examined their interaction in a twohybrid assay. As shown in Figure 2a , coexpression of CED-13 and CED-9 proteins fused to the Saccharomyces cerevisiae Gal4p DNA-binding domain and Gal4p activation domain, respectively, or vice versa, promoted expression of a Gal4-dependent lacZ reporter gene, as assayed by both enzymatic activity and colorimetric assays. These results suggest that CED-13 can bind CED-9. To confirm this interaction, we performed co-precipitation experiments using a bacterially produced glutathione-S-transferase (GST)::CED-9 fusion protein and in vitro-translated CED-13 protein. As shown in Figure 2b , CED-13 bound the GST::CED-9 fusion protein, whereas control proteins failed to do so. Furthermore, CED-13 did not bind GST alone, supporting the hypothesis that CED-13 and CED-9 interact specifically. To test whether the BH3 domain of CED-13 was important for the interaction with CED-9, we co-precipitated GST::CED-9 with a CED-13 protein lacking nine amino acids (L59-D67) containing the BH3 domain. As shown in Figure 2c , CED-13DBH3 bound CED-9 about 10 times less efficiently than wild-type CED-13. Furthermore, when overexpressed using a heat-inducible promoter, CED-13DBH3 failed to promote cell death. Specifically, embryos of three P HS ced-13DBH3 transgenic lines contained 372, 272, and 271 cell corpses, whereas three lines harboring wild-type P HS ced-13 contained 24710, 27715, and 1875 corpses. These results suggest that CED-13 requires its BH3 domain to bind CED-9 and promote cell death.
Analysis of ced-13 mutants
The results presented above suggest a role for ced-13 in regulating apoptosis in C. elegans. To understand the function of ced-13 in vivo, we isolated two C. elegans mutants harboring deletions in the ced-13 locus (Figure 1a ; see Materials and Methods). ced-13(sv32) animals lack the entire ced-13 coding region as well as 747 base pairs (bp) upstream of the ATG codon and 209 bp downstream of the TAA stop codon. ced-13(tm536) animals lack the entire ced-13 coding region, except for 15 bp upstream of the TAA stop codon, as well as 191 bp upstream of the ATG codon. Neither deletion allele removes coding sequences of the adjacent genes R09F10.4 and R09F10.3. sv32 and tm536, therefore, are likely to represent null alleles of the ced-13 gene. We found no defects in programmed cell death of somatic cells during development in either ced-13 mutant (Table 2) . Furthermore, we did not observe increased cell death in double mutant combinations of ced-13(sv32) or ced-13(tm536) with the strong loss-of-function alleles egl-1(n1084n3082), ced-4(n1162), ced-3(n717), or ced-1(e1735), or the gain-offunction allele ced-9(n1950), and no reduction in cell death in double mutant combinations of ced-13(sv32) or ced-13(tm536) with the weak loss-of-function alleles egl-1(n3331), ced-4(n3312), or ced-3(n2438). Similarly, ced-13(sv32) and ced-13(tm536) did not affect the level of physiological germ-cell death, the process by which about Three independent transgenic lines are indicated that were obtained by integration of extrachromosomal arrays as previously described. 30 Adult animals were allowed to lay embryos for 2 h and then transferred to 341C or maintained at 201C for 45 min. Adults were then removed from plates and the remaining embryos were scored for the presence of cell corpses after 2 h. Mutant alleles introduced into each transgene line are indicated at the top of each column. Numbers indicate mean7standard deviation. ND, not determined; mutant alleles were tightly linked to the specific transgene insertion sites and the double mutant combinations could not be isolated 50% of all germ cells in the female gonad are eliminated, in an otherwise wild-type background or in a background containing the egl-1 loss-of-function mutation n3082n1084 (Figure 3a , data not shown).
When we examined ced-13(sv32) and ced-13(tm536) hermaphrodites following exposure to IR, we obtained complex results. For example, in the experiment depicted in Figure 3b , we could detect no consistent difference in germcell deaths between ced-13(tm586) and wild-type animals. However, a consistent but weak difference was detected between egl-1(n1084n3082) animals and egl-1(n1084n3082); ced-13(tm586) animals across radiation doses and times postirradiation. In other experiments, we could also occasionally detect consistent weak differences between ced-13 mutants and wild-type animals (data not shown). We propose, therefore, that ced-13 might play a role in germ-cell death following IR treatment. In general, the number of dying germ cells that are observed varies dramatically in individual animals of a given genotype at a given time following IR exposure, resulting in standard deviations on the order of the mean. This variation might be due to differences in germ-cell proliferation rates as a consequence of slight temperature variations between strains, or to differences in the precise developmental time at which the animals are irradiated. 36 Germ-cell death measurements can, therefore, be difficult to compare between experiments, even when many animals are scored. Thus, while large differences between strains are readily apparent, small but genuine differences between strains may not always be apparent. This contrasts with the developmental cell deaths that are often scored in the C. elegans pharynx, where the presence or absence of cells in an invariant lineage is assessed (e.g. Table 2 ). Thus, although loss of ced-13 may indeed result in a reduction in the number of dying germ cells, our inability to consistently reproduce this difference prevents us from concluding this with certainty.
If ced-13 does play a role in IR-induced germ-cell death, it could function upstream of or as part of the DNA damage response checkpoint (as defined by the mrt-2 gene, for example 37 ), or downstream of this checkpoint. Two observations suggest that ced-13 may function downstream of the checkpoint. First, in response to radiation, ced-13 mutant germ cells arrested cell-cycle progression in a manner (Figure 3c , data not shown). Second, mutants in the DNA damage response checkpoint produce many inviable progeny, presumably because of the accumulation of unrepaired DNA lesions in these animals. Mortality of ced-13 embryos was indistinguishable from wild-type animals over a range of radiation doses. For example, as in the wild type, about 50% of ced-13(sv32) or ced-13(tm536) embryos derived from irradiated parents survived following 120 gray (Gy) of X-irradiation, whereas 0% of mrt-2 embryos survived (data not shown).
ced-13 mRNA accumulation following IR treatment depends on cep-1/p53
The possible role of ced-13 in DNA-damage-induced apoptosis, together with the low levels of the ced-13 transcript in unirradiated animals (see above), suggested that although ced-13 was unlikely to be a checkpoint control gene, ced-13 transcription may be specifically induced in response to DNA damage. To test this hypothesis, we irradiated animals and followed ced-13 mRNA accumulation using quantitative realtime reverse transcriptase (RT)-PCR (qPCR). In unirradiated wild-type animals, we consistently detected only very low levels of ced-13 mRNA. However, when we treated wild-type animals with increasing doses of IR, ced-13 transcript was induced up to 10-fold (Figures 4a and b) . The dose-dependent induction of ced-13 was comparable to egl-1 induction (Figure 4c ). To examine whether ced-13 mRNA accumulation was confined to germ cells, we examined mRNA levels in glp-4(bn2) mutants following IR treatment. glp-4(bn2) mutants grown at 251C lack germ cells, whereas those grown at 151C possess a germ line. 38 We found that at 151C, glp-4 animals exposed to IR accumulated ced-13 transcript as in wild-type animals. However, glp-4 mutants grown at 251C did not accumulate ced-13 mRNA following IR exposure (Supplementary Figure 1 ). These results suggest that ced-13 accumulation after IR treatment occurs primarily in the germ line.
The p53 tumor suppressor gene functions in mammalian cells to induce both cell-cycle arrest and apoptosis.
1 Mutations in the C. elegans p53-related gene cep-1 prevent germcell apoptosis in response to DNA damage 4, 5 but not cellcycle arrest, 4, 5 , suggesting that cep-1 may function downstream of the DNA damage checkpoint. To examine whether cep-1 was required to induce ced-13 transcription following DNA damage, we examined ced-13 mRNA accumulation in response to IR in animals lacking a functional cep-1 gene. As shown in Figure 4 , cep-1(lg12501) mutants failed to accumulate ced-13 (and egl-1) transcript even at high radiation doses. CEP-1 protein can function as a transcription factor and will bind to human p53 consensus binding sites. 5 Interestingly, the ced-13 promoter contains several potential p53-binding sites, including two identical palindromic sites of sequence AAA-CATGTTT located 364 and 402 bp upstream of the ced-13 start codon. These sites match the p53 half binding-site consensus sequence RRRCWWGYYY. 39 Furthermore, sequence inspection of the syntenic region in the related nematode C. briggsae revealed one copy of the identical half-site upstream of the putative C. briggsae ced-13 gene (data not shown). Taken together, these results support a model in which CEP-1 protein, activated by DNA damage, binds directly to the ced-13 promoter to activate ced-13 transcription. CED-13 protein, in turn, could bind to and inhibit CED-9, resulting in the activation of CED-4, and subsequent activation of CED-3 to promote cell death ( Figure 5 ).
Discussion
Two mammalian BH3-only genes, Noxa and PUMA, are transcriptionally induced by p53 in response to DNA damage. 9, 10, [13] [14] [15] Mice deficient in PUMA display severe defects in apoptosis of various cell types in response to DNA damage induced by IR or etoposide, suggesting that PUMA is important for DNA-damage induced apoptosis. 24, 25 Cells from mice deficient in Noxa, however, are generally not resistant to DNA-damage-induced apoptosis, although fibroblasts derived from these mice may show minor defects in apoptosis following etoposide treatment. 25 Neither PUMA-nor Noxadeficient cells were as resistant to DNA damage as cells lacking p53. These observations indicate that Noxa and PUMA act downstream of p53 to promote apoptosis. Interestingly, the C. elegans BH3-only gene egl-1 has a significant role in radiation-induced germ-cell apoptosis, 28 and, as shown in Figure 4c , egl-1 mRNA also accumulated in a p53-dependent fashion following irradiation (see also Hofmann et al. 40 ). Thus, as in mammals, C. elegans 
The number of extra cells in the anterior pharynx was scored as described in Materials and Methods ced-13 promotes apoptosis in C. elegans B Schumacher et al possesses two BH3-only proteins that are regulated by p53. EGL-1, like PUMA, has a major role in DNA-damage-induced death, and CED-13, like Noxa, may play a minor role.
Furthermore, as in mammals, egl-1 or ced-13 single mutants, or egl-1; ced-13 double mutants were not as resistant to DNAdamage-induced apoptosis as cep-1/p53 mutants alone. This Figure 3 Phenotypic studies of ced-13 mutants. (a) ced-13 is not required for physiological germ-cell death. A representative histogram depicting the accumulation of apoptotic germ cells in adult C. elegans hermaphrodites in the absence of exposure to IR. All strains contained the ced-6 mutation n2095, which blocks engulfment of apoptotic cells as well as the transgene bcIs39 (P lim-7 ced-1-gfp), which marks apoptotic cells to allow for accurate scoring of cell corpse accumulation. Apoptotic cells were scored using DIC and epifluorescence as described in Materials and Methods. A total of 15-20 animals were observed per strain per time point. Data shown are from one representative experiment of three such experiments performed. No. germ-cell corpses, sum of apoptotic cells observed. Error bars represent the standard deviation. (b) IR-induced germ-cell death in ced-13 mutants. The histogram depicts the number of germ-cell corpses observed, following exposure to X-rays of the indicated doses, of animals of the indicated genotypes. Apoptotic cells were scored using DIC microscopy. ced-6(n2095) and bcIs39 were not present in the strains analyzed. Error bars represent the standard deviation. Numbers above bars represent the number of animals scored. (c) Cell-cycle arrest of dividing germ cells in ced-13(sv32) and wild-type animals following exposure to 120 Gy of X-rays. Images are DIC photographs of the mitotically active region of the female gonad. Note that in both strains arrested nuclei are larger in exposed animals, indicating that cell-cycle arrest has taken place result further supports the notion that there may be additional cep-1/p53 responsive genes that are important for promoting DNA-damage-induced apoptosis ( Figure 5 ). The conservation of ced-13 sequences between C. elegans and the related nematodes C. briggsae and C. remanei (Figure 1d) suggests that there has been evolutionary pressure to conserve this gene, despite minor defects in animals lacking ced-13. Why, then, might two BH3-only proteins be involved in DNA-damage-induced apoptosis in C. elegans and in mammals? One possibility is that each protein performs a different biochemical/cell biological function during apoptosis, and that these different activities are required for efficient and reproducible control of cell killing in response to DNA damage. For example, both CED-13 and EGL-1 may bind to CED-9; however, CED-13 may specifically bind to a rare conformation of CED-9. In this model, the surprisingly weak phenotype of ced-13 mutants suggests that ced-13 might serve to fine-tune the cell death process ( Figure 5 ). Alternatively, although perhaps less likely, it is possible that both genes have the same functions, but respond to different stimuli. Thus, for example, egl-1 may become activated more generally, in response to a variety of cellular stressors, whereas ced-13 may be activated in response to a specific and rare type of DNA damage, such as persistent doublestrand breaks that might occur during meiotic recombination. Our observation that ced-13 kills better in the absence of egl-1 (Table 1) hints at possible complexity in the interactions between the protein products of the two genes. The conservation of the DNA damage response and apoptotic pathways between C. elegans and vertebrates suggests that similar interactions between BH3-only proteins might also regulate the in vivo responses of vertebrate cells to DNA damage.
Materials and Methods
General methods and strains
All strains were grown at 201C as described previously. 41 The wild-type strain used was C. elegans var. Bristol (N2). Alleles used in this study are listed below and are described by Hodgkin 42 except where noted otherwise:
LGI: ced-1(e1735), glp-4(bn2), 38 cep-1(lg12501); 5 LGIII: ced-4(n1162, n3312), ced-6(n2095), ced-9(n1950); LGIV: ced-3(n717, n2438 43 );
LGV: egl-1(n1084n3082, 30 n3331 44 ), bcIs39 (P lim-7 ced-1-gfp; 45 this study);
LGX: ced-13(sv32, tm536) (this study), lin-15(n765). Figure 5 Model for DNA-damage-induced apoptosis in C. elegans female germ cells. DNA damage activates CEP-1/p53 in an unknown way, allowing for transcription of ced-13 and egl-1. CED-13 and EGL-1 inhibit CED-9/Bcl-2, allowing CED-4/Apaf-1 to activate the CED-3 caspase, leading to cell death. CED-13 activity is much lower than that of EGL-1 (fainter inhibitory arrow), either because it is inherently weaker or because it is induced in response to rare types of DNA damage ced-13 promotes apoptosis in C. elegans B Schumacher et al
Isolation of ced-13 mutants and generation of transgenic animals ced-13(sv32) and ced-13(tm536) were isolated using UV/trimethylpsoralen mutagenesis followed by identification of mutants using PCR and sib selection as previously described. 46 Strains were backcrossed five times. Animals containing P HS ced-13 transgenes were generated by integration of extrachromosomal transgenes harboring both a P HS ced-13 plasmid and marker plasmid, pRF4, encoding the rol-6(su1006) allele, as previously described. 31 Animals containing the P lim-7 ced-1-gfp transgene bcIs39 were generated by integrating an extrachromosomal transgene harboring the P lim-7 ced-1-gfp plasmid (pZZ630 45 ) and plasmid pL15-EK (lin-15( þ ) 47 ) in a lin-15(n765) background. Animals carrying the stably integrated DNA were backcrossed four times to N2.
Microscopic analysis of mutant animals
Overexpression in somatic cells: Following heat shock, embryos were mounted for observation using DIC, as previously described, 31 and the number of cell corpses was counted. Somatic cell death: Extra cells in the anterior pharynx were counted in larvae at the L3 and L4 stages of development as previously described. 48 Physiological germ-cell death: animals were picked at the L4 stage and transferred to 9-cm plates containing 100 ml Escherichia coli OP50 solution seeded the day before the experiment and incubated overnight at room temperature. Germ-cell death was measured 12, 24, 36, and 48 h after the L4 stage. Dead germ cells were counted using a GFP reporter specific for apoptotic cells (P lim-7 ced-1-gfp) and DIC, as not all dead germ cells were visible with either method alone. The different strains were counted double blind. IRinduced germ-cell death: Animals were picked at the L4 stage and exposed to the indicated radiation dose from a Siemens X-ray source. IRinduced germ-cell death was measured at 12, 24, 36, and 48 h post-IR using DIC.
Protein interaction studies
We used vector pAS1 for activation domain fusion constructs, and vector pACT2 for DNA-binding domain fusion constructs in the two-hybrid assays. 49 Miller assays: 1 ml of log-phase yeast cells was centrifuged for 5 min, washed with Z buffer (16.1 g Na 2 HPO 4 Á 7H 2 O, 5.5 g NaH 2-PO 4 Á H 2 O, 0.75 g KCl, 0.246 g MgSO 4 Á 7H 2 O in 1 l water), and resuspended in Z buffer with beta-mercaptoethanol (BME; 27 ml/10 ml), 50 ml CHCl 3 , and 20 ml 0.1% SDS and vortexed for 15 s. 700 ml of o-nitrophenyl-beta-D-galactopyranoside (ONPG) substrate (1 mg/ml in Z buffer þ BME) was added and the reaction was incubated for 30 min at 301C, and stopped with 1 M Na 2 CO 3 . Reaction was centrifuged and absorption of supernatant measured at 420 nm. Miller units ¼ A 420 Â 1000/(A 600 Â time (min) Â volume (ml)). LacZ filter assays: Yeast were grown in patches on plates of selective media, and replica plated to a second set of plates containing a Whatman 50 circular filter. Patches were grown overnight, filter papers were then removed and frozen in liquid N 2 for 10 s. Each filter was then placed on top of a second filter paper soaked in a solution of 30 ml 2% X-gal in 2.5 ml Z buffer and incubated at 371C. GST pull-down experiments: 10 ng of glutathione Sepharose purified GST fusion protein was incubated with binding buffer (142.5 mM KCl, 10 mM HEPES (pH 7.6), 5 mM MgCl 2 , 1 mM EDTA, 0.25% IGEPAL CA-630/Sigma, 2.5 mg/ml BSA) and in vitro-translated protein (TNT system, Promega) translated from vector pCITE-4a( þ ) (Novagen) containing cDNA sequences of the protein of interest for 60 min at 41C. Complexes were washed 5 Â in binding buffer, and analyzed by SDS-PAGE.
ced-13 and egl-1 transcriptional regulation
Approximately 2000 worms per sample were developmentally synchronized by bleaching and then treated with IR. Total RNA was extracted with 1 ml GibcoBRL Trizol according to the manufacturer's instructions. cDNA synthesis was performed using Clontech 'Advantage RT for PCR kit' and 1.5 mg of total RNA per reaction, according to the manufacturer's instructions. Quantitative PCR (qPCR) was performed with a Roche LightCycler and FastStart DNA Master SYBR Green 1 kit (Roche Applied Science) according to the manufacturer's instructions. Primer pairs (for egl-1 878 5 0 -tactcctcgtctcaggactt-3 0 and 880 5 0 -catcgaagtcatcgcacat-3 0 ; for ced-13 706 5 0 -acggtgtttgagttgcaagc-3 0 and 707 5 0 -gtcgtacaagcgtgatggat-3 0 ; for tbg-1 710 5 0 -cgtcatcagcctggtagaaca-3 0 and 711 5 0 -tgatgactgtccacgttgga-3 0 ) were designed to generate intron-spanning products of 110-150 bp. The generation of specific PCR products was confirmed by melting curve analysis (which measures product specificity by the decrease in the fluorescence signal when the PCR product is denatured), gel electrophoresis (using Roche Agarose MS for analyzing small PCR products), and sequencing. Each primer pair was tested with a logarithmic dilution of a cDNA mix to generate a linear standard curve (crossing point (CP) plotted versus log of template concentration), which was used to calculate the primer pair efficiency (E ¼ 10 (À1/slope) ). Gamma tubulin (tbg-1) mRNA was used as an external standard. For data analysis, the second derivative maximum method was applied, and induction of egl-1 cDNA was calculated according to Pfaffl: 50 (E egl-1 DCP(cDNA 0Gy-cDNA)eglÀ1 )/ (E tbg-1 DCP(cDNA 0Gy-cDNA)tbgÀ1
).
